These novel properties in combination have allowed for the very concentrated use of bulls in a testing phase, by producing several hundreds of offspring of one bull in a very short time span distributed across a representative sample of farms in a wide geographical area. On the other side, elite bulls can be used very intensively, often over a wide geographical rangesome of them actually globally-and over a long period of time, eventually even beyond their actual lifetime. This also changed the business model of breeding programs entirely, allowing a much higher investment in testing and selection of the top bulls since a small premium on the semen of the widely used top bulls allowed the refinancing of the entire bull selection program. Robertson and Rendel (1950) were the first to understand the impact of this technological innovation and suggested a completely new structure of dairy cattle breeding programs, which was basically maintained until the implementation of genomic selection programs in the first decade of the 21st century. This is an illustration of another characteristic of key innovations: They can lead to a complete re-design of practical implementations to make optimal use of the novel opportunities.
Most of the relevant technological innovations are in the fields of reproduction, performance testing, animal identification, and in the area of statistics and bioinformatics. However, not all technologies are readily adopted and have a similar impact on breeding programs as was the case with AI in dairy cattle. While some were of comparable relevance, e.g., best linear unbiased prediction (BLUP) breeding value estimation (Henderson, 1973 ) and genomic selection (Meuwissen et al., 2001) , others, e.g., embryo transfer-based breeding strategies ("multiple ovulation and embryo transfer" or MOET; Nicholas and Smith, 1983) and sperm sexing (Morrell et al., 1988) were implemented in practice but did not (yet) become sufficiently relevant so that whole breeding programs were restructured to make optimum use of them. A third class of innovations, of which marker-assisted selection (Fernando and Grossman, 1989 ) is the most prominent example, was tested in practice but turned out to fall far behind the expectations and thus was given up again quickly.
Why do some technologies become quickly adopted and strongly influence the design of breeding programs while others do not? It is suggested that a technology must meet four criteria to be successful, and if one of those criteria is critically missed, the technology will turn out to be a failure: Technical sophistication and suitability for daily use, added value for the breeding program, cost efficiency, and societal acceptance.
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Implications
• Animal breeding is technology driven.
• However, by far not all technologies that have been and are being developed were fully adopted by the industry.
• It is argued that innovations only will be fully and rapidly implemented if four criteria are met: they must be suitable for daily use, must provide an added breeding value, should be cost efficient, and society must accept their application in the food chain. If one of these criteria is critically missed, there is a high risk that a technology may fail.
• Societal acceptance seems to be the most critical of these four criteria, and more and earlier consideration should be given to this aspect in the future development of technologies.
Technical Sophistication and Suitability for Daily Use
Most technical innovations are developed in a prolonged process, from the idea to basic research trying to lay the theoretical fundaments. The next steps are first practical applications still conducted in a research context, often followed by a long process in which the efficiency of the respective technology is gradually improved. Even if a technology works well in the lab, this does not mean that it is applicable and successful in the often harsh environments on farms. It is, however, an essential condition that a technology has a stable success rate in the intended target environment. A further criterion is that the improvements in the primary objective are not accompanied by adverse effects in other relevant areas. An example for such a situation is sperm sexing in cattle, where the primary target, shifting the sex rate in the offspring toward the desired sex, is reliably achieved, however, at the price of a reduced success rate of insemination (Karakaya et al., 2014) .
Added Value for the Breeding Program
The use of an innovation must lead to an increased genetic gain or improved efficiency of breeding programs. From a pure breeding perspective, the genetic progress per time unit is proportional to selection intensity and accuracy of breeding values at the time while it is inversely proportional to the generation interval. An increase of the genetic progress per year can be achieved by three main leverages: a) Increasing selection intensity. This can be achieved either by testing more individuals while selecting the same number of animals as parents of the next generation or by testing a constant number of selection candidates but recruiting less future breeders among them. Both options have been relevant in past innovation events: genomic approaches allowed to obtain genomic breeding values for many more male selection candidates compared with the progeny-testing scheme where only a limited number of bulls was available for selection. On the contrary, the introduction of AI on the male and embryo transfer on the female side reduced the required number of animals to be selected as parents of the next generations substantially. It should be noted that due to the nonlinear dependency of percent selected and selection intensity, the leverage is most efficient if selection intensity is driven to extreme values, which especially was the case with the use of AI in dairy cattle breeding programs.
b) Increasing the accuracy of estimated breeding values at the time of selection. Accuracy primarily depends on the amount of information available. Thus, an increase can be due to recording more relevant information, which e.g., can be achieved by measuring traits that are correlated to the actual breeding goal. A good example is the use of ultrasonic measurements of fat and meat percentages on live animals to predict the carcass composition of an animal (Tong et al., 1981) , which only can be measured accurately after slaughtering. Accuracy of estimated breeding values can also be improved by using more sophisticated statistical approaches. This was observed when BLUP was introduced (Henderson, 1973) , followed by further improvements such as the move from the sire to the animal model (Quaas and Pollak, 1980) , the introduction of random regression models for longitudinal data (Jamrozik and Schaeffer, 1997) , and finally, the use of genomic BLUP (VanRaden, 2008) . c) Shortening of the generation interval. The length of the generation in many cases is not given by the biologically determined reproductive age, but by the time required to collect sufficient information to identify the most promising parents. This is especially true for traits occurring late in life, such as persistency of performance, susceptibility to age related diseases, and longevity. Attempts to reduce the generation interval are based either on using early indicator variables for such traits (Buenger et al., 2001) or by using improved statistical approaches such as survival analysis (Ducrocq and Sölkner, 1998) to make the most efficient early predictions.
It should be noted that the three key quantities (selection intensity, accuracy, and generation interval) are not independent of each other. Since information on selection candidates accumulates over time, accuracy of estimated breeding values always increases with the generation interval, and similar source: © 2011 iStockphoto.com/angelblue1 dependencies exist with selection intensities. Thus, the task is not to maximize one of these key factors, but to achieve an optimal balance between them.
It should be further noted that real-life breeding programs are much more complex than described above due to simultaneous selection on several traits, differentiated selection on different pathways in structured populations, and multi-stage selection, to name just the most relevant complications.
Added value for the breeding program is not limited to increasing the genetic progress but also can result from reducing the costs of a breeding program. Many innovations indeed have been basically cost saving. Good examples can be found in performance testing where novel technologies have allowed for measuring relevant phenotypes more cheaply and exactly than before, for example, by using the routinely recorded somatic cell score as an indicator trait for clinical mastitis (Shook and Schutz, 1994) .
A third option for added value in a breeding program is to include selection steps where selection was not possible before. Here, a good example is the use of genetic or genomic information to select between fullsibs, for which no own or progeny performance is available. In this case, the BLUP breeding value for all members of a fullsib group uniformly is the average of the parents' breeding values since the remainder, the so-called Mendelian sampling term, is immanently unpredictable in such a model. Consequently, it is not possible to select among such fullsibs using conventional breeding values. Genomic data provide a means to estimate the individual Mendelian sampling term with some accuracy, and consequently allow an informed selection decision among otherwise undifferentiable fullsibs (see e.g., Sonesson, 2007) .
Cost Efficiency
New technologies generally have additional costs. In the long term, these costs must be balanced by an increased financial return. Typically, the implementation of a new technology is characterized by considerable initial investments (e.g., research costs, purchasing novel equipment, etc.), which are only amortized over a longer time. It can also often be observed that novel technologies start off with high variable costs, which subsequently dwindle due to continuous improvements of technical efficiency and a larger demand. This was, e.g., observed in high-density genotyping where a 50k SNP genotype for one individual initially cost about 250 euros, while today, this price is far below 100 euros. To overcome this "innovation hurdle," it is sometimes of crucial importance that public funds are made available to support the practical implementation of a novel technology, given there is some public interest in such an innovation.
Even when a technology is successfully established, there is always an imbalance in the economics: while the costs are due today and need to be paid by the breeder, the benefit will materialize much later and usually on the production level. The extra genetic progress generated by the novel technology will only occur after one or two generations, which might be 1 or 2 yr in poultry breeding, but up to 15 or 20 yr in cattle or horse breeding. Also, the resulting benefit, e.g., a higher productivity or better product quality, may not necessarily lead to a higher income of the farmer working with the animals derived from the improved breeding stock. Instead, large parts of this economic benefit may be directly handed on to the manufacturer or the food retailer, providing them with higher margins, or may benefit the consumer through lower product costs. But the investments still need to be covered, and it is essential to establish a suitable business model for a fair sharing of the costs and benefits associated with animal breeding innovations.
Societal Acceptance
Most animals are bred for the ultimate purpose of producing food for human consumers. In many countries and societies, there has been a redefinition of "quality" during the last years. Originally, quality mainly reflected measurable properties of the actual product, comprising, e.g., nutrient composition, hygienic standard, and sensory properties. In the last decades, this has changed to a more process-oriented quality definition, so that in many instances, criteria such as animal welfare or sustainable and environmentfriendly production are also taken into consideration for high quality products.
Breeding technologies, especially those in the realm of reproduction technologies and genetics, are considered "unnatural" by many consumers, and thus their usefulness is difficult to communicate to a small, but growing, source: © 2015 ACSESS segment of consumers. In many instances, such societal views find their way into legislation, as is the case for the ban of products of cloned animals and their offspring in the EU. This ban has been passed although there is no evidence that an animal being cloned has any measurable impact on its offspring. Certain production programs and quality labels set their own standards, e.g., many ecological programs where the use of animals originating from embryo transfer is not allowed.
However, even if a technology is not banned due to legal rules or cooperative standards, a presumed critical view of "the society" may have a very similar effect in practice. The entire value chain, from the producer through the slaughterhouse, meat processor, retailer, and finally the grocery store, ultimately aims at the consumer. If there is a risk that consumers might avoid a product due to reservations about biotechnologies used in the production or breeding process, this will be communicated along the chain down to the production level. This can actually prevent the use of such a technology just as efficiently as would be the case through legal regulations. Needless to say, such societal mechanisms can appear independently of whether there is a possible objective risk or measurable effect on the quality of a product, and these mechanisms can be purposely used by interested pressure groups.
Hence, scientific innocuousness and formal legality of a technology is only a necessary, but by no means a sufficient, precondition for the societal acceptance of this technology.
Acceptance of novel technologies strongly depends on the views held by a society. In general, but certainly with exceptions, societies which are strongly affected by Protestant ethics, such as in many Northern European countries, are more liable to hold moral reservations about new technologies than predominantly Catholic societies such as in the Mediterranean countries. There also is a remarkable difference between more risk-averse societies in Europe (Jones, 2015) compared with, e.g., more liberal and innovative societies as in North America. Ethical concerns have less relevance in countries where sufficient nutrition is a greater problem than obesity, confirming to some extent, the famous quote, "First the grub, then the morality," from Brecht and Weill's Threepenny Opera.
It is important to note that an innovation will only be successfully implemented if it matches all four listed criteria (suitability for daily use, added breeding value, cost efficiency, and societal acceptance). If a new technology falls critically short in just one of those four criteria, there is a high probability that it will fail to be implemented in practice.
Some Historic, Present, and-PresumablyFuture Cases of Success and Failure
As described above, the model case for a successful technological innovation in animal breeding was the introduction of AI in dairy cattle breeding. In this example, all four criteria were fully matched. One may ask, rather hypothetically, however, whether the forth criterion-societal acceptance-would equally be fulfilled if AI would be newly introduced today. In many countries, the 1960s were characterized by a high economic dynamism and a generally positive attitude toward innovations (reflected, e.g., by the widely undisputed introduction of nuclear energy) in many societies. This attitude of "anything goes" was shattered by events like the Chernobyl disaster in 1986, giving rise to a more critical attitude toward technologies that appear risky and, at the same time, are difficult to understand by non-specialists and thus are considered "unnatural". This has led to a much more critical attitude of society toward any kind of innovation in many parts of the world. Thus, it may be doubted if the introduction of AI would have been accepted so smoothly if it had occurred 50 years later.
The other more recent big success story has been the introduction of genomic selection in dairy cattle breeding programs. Starting from a theoretical concept (Meuwissen et al., 2001 ) developed years before the required key technology-high-density marker genotyping-was available, the approach was broadly implemented as soon as all required prerequisites were available. It could be convincingly shown by rather simple model calculations (Schaeffer, 2006 ) that "costs of proving bulls were reduced by 92% and genetic change was increased by a factor of 2," so both an added breeding value and cost efficiency are achieved, even though the actual benefits may not have fully reached those predicted values in real life applications. Genomic selection basically uses well-established methodologies, such as high-throughput source: © 2007 commons.wikimedia.org/Aleks SNP genotyping and high-dimensional random multiple regression models, which were all available and reliable right from the start. Finally, societal acceptance was hardly a problem since the biotechnological elements of the method were non-invasive (genotyping could be done with semen or blood samples of bulls collected anyway) and the use of genomic data was fully analytic (just "reading" the genotype of the animals) and no genetic modification took place. Reflections on some critical aspects, c.f. whether a doubling of genetic progress for production traits may lead to more health problems due to metabolic diseases or whether an increased inbreeding rate through genomic selection is acceptable, were largely restricted to expert scientific discussions. In plant breeding, genomic selection was even seen as a desirable alternative to transgenic technologies. Organizations such as Greenpeace welcomed it as an element of "SMART breeding," where SMART stands for "selection with markers and reproductive technologies" (Vogel, 2014) .
Animal breeding research in the 1990s was dominated by discussions of "marker-assisted selection" (MAS; Fernando and Grossman, 1989) . Although expectations about MAS were as high as with genomic selection 15 yr later, MAS never really found its way into general implementation. The main reason for this failure was a lack of technological efficiency. The basic idea of MAS was to identify the main genes affecting a trait of interest and then increase the frequency of the desired alleles at these genes in the population. One shortcoming was the marker technology available at the time: microsatellites were too scarcely distributed in the genome, and thus were not in a sufficiently strong association with the target genes. This also made it necessary to conduct rather costly and underpowered linkage mapping studies, being able to identify only those genomic regions termed "quantitative trait loci" (QTL; Geldermann 1975), with the largest effect. Since these QTL were only loosely associated with the flanking markers, quite complex breeding designs had to be established to use the QTLs over more than one generation (Dekkers, 2004) . The key shortcoming, however, was a too naïve assumption regarding the genetic background of complex traits: as we know today, most such traits exhibit a complex inheritance (Mackay, 2004 ) with many genes of small effects, complex epistatic interactions, partly affected by epigenetic mechanisms, so that there simply was not a sufficient number of QTL with large enough effects to be discovered in linkage studies of realistic size. So, despite the fact that MAS was implemented selectively in some farm animal breeding programs, primarily to cope with mono-or oligogenetically inherited quantitative traits (for an overview, see Dekkers, 2004) , MAS failed to become a key element in selection programs aiming at improvement of the main production traits generally following a complex mode of inheritance. Despite its overall failure, the technological implementation of genotyping technologies in the MAS context still paved the way for the very rapid and successful implementation of genomic selection in the first decade of the 21st century.
Another technological innovation that fell behind the initial expectations was embryo transfer (ET) in dairy cattle. Nicholas and Smith (1983) had suggested MOET breeding programs and predicted a substantial boost in genetic progress based on the increased female reproduction rate, and thus better opportunities to select among cows. However, the assumed success rates of ET in their model calculations were up to 16 embryos per donor with each embryo eventually split into 16 identical copies, which proved to be far too optimistic under practical conditions (König et al., 2007) . Today, ET is a widely used technique allowing a more efficient use of highly selected bull dams but cannot be considered a technology significantly increasing genetic progress. So, the failure of both MAS and ET has to be attributed to a lack of efficiency in the technological implementation of the methods.
Cloning, the creation of identical copies of an existing individual and pioneered by the cloning of the famous sheep Dolly (Wilmut et al., 1997) , has made its way to technical maturity. However, its added value for breeding is not immediately obvious since breeding always means genetic progress, that is the offspring, on average, genetically outperform their parents. Cloning, on the other hand, by definition keeps the population genetically in a steady state. There are situations where cloning provides some breeding benefits, e.g., by using clones of superior sires for natural service in cases where artificial insemination is not feasible, such as in beef cattle breeding. In many countries, especially in Europe, there are societal concerns regarding this technology, leading to a ban of clones and even their offspring from the human food chain. A very similar situation exists with genetically modified livestock, where the societies in many parts of the world do not seem to value the chances of transgenic livestock higher than the existing or perceived risks.
The most recent technological innovation with a potential to have a major impact on animal breeding is genome editing. It summarizes different approaches by which the DNA sequence of a cell can be modified in a highly targeted way. The main difference to transgenic techniques is that in transgenesis, pieces of DNA of other organisms, often from a different species, are integrated in the target genome (often at more or less random positions) while in genome editing, artificially synthetized sequence bits are integrated at an exactly defined position. While the principle is not entirely new, novel approaches like the CRISPR/Cas9 protocol (Yang et al., 2014) have improved both the success rates and the quality of results so that practical applications come into reach.
Potentially useful applications are obvious: To give just one example, the approach could be used to "repair" harmful mutations in livestock genomes, which if they occur homozygously, cause severe diseases or even the death of the carrier. Genomic technologies have revealed that each individual carries around 10 such detrimental mutations in heterozygous state, many of which we even can identify. However, we so far lack a technology to do something about the problem, the only current option being targeted backcrossing over many generations, incurring high costs, and being rather imperfect in that it only can replace larger chromosome segments of hundred thousands or millions of bases while sometimes only a single base mutation is causative and needs to be changed. With CRISPR/Cas9, such a modification could be performed in one generation, very precisely, and with a high efficiency. Whether such a modification must be considered as "transgenic" is at least arguable since the modification results in a variant that is naturally segregating in the same population. In the US and Canada, plants with genomes edited are not considered genetically modified if the resulting sequence is identical to a naturally segregating variant. While the European Academies Science Advisory Council has recommended moving toward a more evidence-based regulatory framework (Deutsche Akademie der Naturforscher Leopoldina, 2013), decisions on the status of genomically edited crops in the EU are pending and certainly will have a major impact on regulations regarding genomically edited livestock.
While genome editing appears to be a promising breeding tool in cases where relevant variation is caused by known genetic variants, it seems less promising in cases where the trait of interest is genetically complex by nature, being affected by many, mostly unknown genes with complex interactions. Unfortunately, most of the main traits of interest for animal breeding are of this complex type, so that the added breeding value of genome editing is probably limited to very few useful applications. While in such cases, cost efficiency is likely given (the actual editing would need to be done in a few individuals only, which can then pass the edited chromosome on to many offspring), the attitude of the societies, markets, and politics toward this innovation remains to be seen.
Can We Afford to Not Use Biotechnological Innovations?
We live in a world with a rapidly growing population, predicted to amount to 9 or 10 billion at the middle of this century while the amount of arable land for food production remains constant or is even decreasing due to climate change and alternative uses such as energy production. While today one acre of arable land is available for each human being living on the planet, it will be 25 to 30% less by 2050. This means that agricultural production, and especially resource efficiency, must be massively increased during the coming decades. In the past, it was shown that 50% or more of the improvement of livestock productivity was due to breeding (Hill, 2008) , and this contribution could only be achieved by implementing major technological innovations, such as AI and genomic selection. Keeping up with the required speed of innovation will only be possible if novel technologies are used, given they are safe, cost efficient, and provide an added breeding value. With the current breeding methodology alone, we likely will not be able to achieve the required rate of improvement in productivity, resource efficiency, and adaptation to changing environments.
Animal breeding has a responsibility here, and animal breeding research provides novel tools to meet the challenges. They only will make a difference if societies accept the use of such innovations. In discussions, the focus is often on the risk of using new technologies. It is of utmost importance to also consider the risk of not using them. We have an inescapable responsibility to feed the growing world population and failing to do so will primarily hit the world's poor, leading to famines, unrests, and flows of refugees, effects which will ultimately take their toll on both the developing and the developed world.
Literature Cited
